We present novel data demonstrating that the expression of PPARγ is reduced in lung fibroblasts from black SSc-ILD patients as compared to white patients. Activating PPARγ with the agonist rosiglitazone increased the expression of MMP-1 and inhibited collagen type I in lung fibroblasts isolated from white, but not black, SSc-ILD patients. Blocking the c-Met receptor abolishes rosiglitazone's effects on collagen and MMP-1 in lung fibroblasts isolated from white SSc-ILD patients, while augmenting the expression of the c-Met receptor in fibroblasts from black SSc-ILD patients replicates the effects of rosiglitazone seen in whites. We conclude that PPARγ agonists warrant consideration as potential antifibrotic drugs in patients with SSc-ILD. Differential therapeutic effects might be anticipated especially relative to racial differences and the functional expression of the c-Met receptor.
Introduction
PPARγ is a ligand-dependent transcription factor belonging to the nuclear steroid/retinoid/vitamin D receptor superfamily that plays a pivotal role in the regulation of adipogenesis, insulin sensitivity, glucose homeostasis, and immune response (reviewed in [1, 2] ). Activation of PPARγ inhibits the proinflammatory effects of lipopolysaccharide and various cytokines on immune cells. PPARγ is detectable in normal lung where it is expressed in epithelial cells, smooth muscle cells, and alveolar macrophages [3] [4] [5] . Reduced PPARγ nuclear protein and gene expression has been demonstrated in dermal fibroblasts and in lung and skin biopsies from patients with SSc [6, 7] , and in alveolar macrophages of patients with sarcoidosis and pulmonary alveolar proteinosis [4, 8] , suggesting that insufficient PPARγ activity may contribute to ongoing dysregulated inflammation and fibrosis.
In normal skin fibroblasts, ligand activation of cellular PPARγ has been shown to reduce basal collagen gene expression and abrogate TGF-β-induced stimulation [9] .
PPARγ ligands also abrogate TGF-β-induced expression of α-SMA, a marker of myofibroblasts, and suppress stimulation of Smad-dependent transcriptional responses to TGF-β [9] . Recently, Kapoor et al. demonstrated that a loss of PPARγ in mouse fibroblasts results in increased susceptibility to bleomycin-induced skin fibrosis [10] . Activating PPARγ with rosiglitazone was shown to alleviate the persistent fibrotic phenotype of lesional skin scleroderma fibroblasts [6] and to attenuate inflammation, dermal fibrosis, and subcutaneous lipoatrophy in a murine model of scleroderma [11] , suggesting that PPARγ ligands may be considered as potential therapeutic agents for scleroderma.
Similar effects have been reported from studies of lung fibroblasts [12] . Burgess et al. have shown that both endogenous and synthetic PPARγ agonists (15d-PGJ 2 and ciglitazone or rosiglitazone, resp.) are able to block key TGF-β-mediated profibrotic effects in vitro, including pulmonary myofibroblast differentiation and excess collagen production, without affecting cell viability. 15d-PGJ 2 inhibited >95% of the TGF-β-stimulated α-SMA induction, whereas rosiglitazone inhibited 40% of the TGF-β-stimulated α-SMA SSc-ILD patients and controls. Anti-β-actin antibody was used as a loading control. (b) Densitometric analysis of PPARγ in lung fibroblasts (n = 16) from 3 independent experiments is presented. PPARγ protein expression was adjusted in accordance with β-actin level. * Statistically significant differences. [12] . Such findings may be particularly relevant to SSc-ILD, since we and others have demonstrated elevated levels of TGF-β [13, 14] , as well as the presence of myofibroblasts expressing increased levels of α-SMA [15] in bronchoalveolar lavage fluid (BALF). The present study demonstrates in vitro antifibrotic effects of the PPARγ agonist rosiglitazone in lung fibroblasts derived from patients with SSc-ILD, providing additional support for a potential new role for PPARγ agonists as antifibrotic therapy in patients with SSc-ILD.
Materials and Methods

Materials.
Rosiglitazone and GW 9662 were purchased from Cayman Chemical, Ann Arbor, Mich, USA; EnzoLytePlus 520 MMP-1 Assay Kit was obtained from AnaSpec (San Jose, Calif, USA); NoShift Transcription Factor Assay Kit, NoShift NF-κB (p65) reagents, and NucBuster Protein Extraction Kit were purchased from Novagen (Madison, Wis); MMP inhibitor GM1489 was obtained from EMD Biosciences (San Diego, Calif). Anti-PPARγ polyclonal antibody was purchased from Cell Signaling Technology (Danvers, Mass); anti-α-SMA and anti-β-actin antibodies were purchased from Sigma-Aldrich (St. Louis, Mo); antitype I collagen antibody was purchased from SouthernBiotech (Birmingham, Alaska). Anti-CTGF antibody and anti-Met (C-12) antibody were obtained from Santa Cruz Biotechnology (Santa Cruz, Calif). c-Met-pLXSN cDNA was kindly provided by Dr. Morag Park (McGill University, Montreal, Canada). Rosiglitazone was prepared as 20 mM, GW 9662 as 2 mM, and GM1489 as 1 mM stocks in DMSO, and the same amounts of DMSO as in rosiglitazone-, GW 9662-, and GM1489-treated cells were added to control cell cultures.
Cell Culture and Transfection.
Lung fibroblasts were derived from lung tissue obtained at autopsy from 5 White and 5 African American patients with end-stage SSc lung disease (1 male, 4 females per each group) and from normal subjects (1 male, 2 females per each group) as described previously [16] . Lung fibroblasts were used between the second and fourth passages in all experiments. The mean ± SD age of the SSc patients was 57.8 ± 10.2 years in the white group and 42.2 ± 9.7 in the African American group. The mean ± SD age of normal subjects was 53.3 ± 4.7 years in the whites and 46.3 ± 5.6 in the African American group. The difference in age between whites and African Americans was not statistically significant either in control or in scleroderma patients (P > 0.05). In one set of experiments, cells were transfected with c-Met-pLXSN cDNA by Effectene reagent (Qiagen, Valencia, Calif) according to manufacturer's instructions as described previously [17] .
Enzyme-Linked Immunosorbent Assay (ELISA) for Hepatocyte Growth Factor (HGF)
. Levels of HGF were measured in 50 μL samples of cell culture medium using Quantikine human HGF ELISA kit (R & D Systems, Minneapolis, Minn) according to manufacturer's instructions as described previously [16] .
EnzoLytePlus
Assay. MMP-1 activity was measured in samples consisting of 100 μL of cell culture medium by EnzoLytePlus 520 Assay according to the manufacturer's instructions as described previously [18] .
2.5. NF-κB DNA-Binding Activity Assay. Nuclear protein extracts were prepared from lung fibroblasts incubated with and without rosiglitazone (20 μM) for 24 hours using NucBuster Protein Extraction Kit from Novagen in accordance with manufacturer's instructions. Protein concentration was determined using BCA protein assay kit (Pierce, Rockford, Ill). Nuclear extracts (25 μg each) from lung fibroblasts or from HeLa-positive control cells provided by manufacturer were incubated with various combinations of biotinylated NF-κB wild-type dsDNA, specific NF-κB competitor dsDNA lacking biotin end labels, and nonspecific, nonbiotinylated dsDNA with a mutant NF-κB consensus binding motif. DNA-binding activity of NF-κB was determined using the NoShift Transcription Factor Assay Kit and NoShift NF-κB (p65) reagents as described previously [18] . The immunoblots were then stripped and reblotted with anti-β-actin antibody as a loading control. Western blotting for CTGF was performed as described previously [19] .
Preparation of Cell Extracts and
c-Met Receptor Phosphorylation.
Scleroderma lung fibroblasts were cultured to confluence on six-well plates, maintained in serum-free DMEM overnight, and then treated with or without rosiglitazone for various times. The cells were transferred on ice, washed with ice-cold PBS, collected with 1 × SDS sample buffer (100 μL/well) for denaturing gel electrophoresis (4-20% SDS-PAGE), and immunoblotted In each experiment, the membrane transfers used for immunoblotting were evaluated for total amount of cMet receptor by reblotting with anti-Met (C-12) polyclonal antibody (Santa Cruz Biotechnology).
Statistical Analysis.
Statistical analyses were performed with KaleidaGraph 4.0 (Synergy Software, Reading, Pa). All data were analyzed using nonparametric Wilcoxon-MannWhitney tests and ANOVA with Tukey HSD post hoc testing. The results were considered significant if P < 0.05.
Results
PPARγ Expression in Lung Fibroblasts.
To better understand the role of PPARγ in the pathogenesis of SSc lung disease, we investigated the expression of PPARγ in lung fibroblasts isolated from SSc-ILD patients and controls. We measured PPARγ expression by Western blotting in 6 controls (3 white and 3 black) and 10 SSc fibroblast cell lines isolated from patients with end-stage SSc-ILD (5 white and 5 black). PPARγ levels were significantly reduced in SSc lung fibroblasts (43.5 ± 18.3 versus 101.1 ± 7.9, P < 0.001) (Figure 1 ). We next compared PPARγ expression between fibroblasts derived from white and black normal controls and SSc patients. We found that lung fibroblasts from white SSc-ILD patients had significantly greater PPAR-γ expression compared to black SSc-ILD fibroblasts (57.4 ± 11.8 versus 29.6 ± 11.3, P < 0.05).
Differential Effects of PPARγ in Fibroblasts from White and
Black SSc-ILD Patients. We sought to compare the effects of rosiglitazone in different lines of lung fibroblasts. We tested 10 SSc-ILD cell lines (5 from black and 5 from white patients) and 6 normal lung fibroblasts (3 from black and 3 from white). When lung fibroblasts were treated with rosiglitazone in a concentration of 20 μM for 24 hours, MMP-1 activity was increased in lung fibroblasts from white SSc-ILD patients; such treatment, however, had no effect on MMP-1 activity in SSc-ILD fibroblasts from black patients (Figure 2(a) ). Rosiglitazone notably reduced collagen after 48 hours of treatment in lung fibroblasts from white but not black SSc-ILD patients (Figure 2(b) ). The effects of rosiglitazone on MMP-1 and collagen were inhibited by the PRARγ antagonist, GW 9662, indicating a PPARγ-dependent mechanism (Figures 2(a) and 2(c) ). Rosiglitazone had no effects on MMP-1 and collagen in either white or black normal lung fibroblasts.
Effect of Rosiglitazone on PPARγ Expression, CTGF, α-SMA, and NF-κB DNA Binding Activity in Lung Fibroblasts.
To investigate whether rosiglitazone would increase the level of PPARγ in lung fibroblasts, we incubated cells with rosiglitazone for different times and then analyzed PPARγ expression by immunoblotting. We observed that exposure of fibroblasts to rosiglitazone for ≥12 hours results in significantly increased levels of PPARγ in both white and black SSc lung fibroblasts. However, rosiglitazone had no effects on PPARγ expression in normal lung fibroblasts (Figure 3) .
Rosiglitazone has been reported to suppress CTGF and α-SMA protein expression in lesional SSc skin fibroblasts [6] . To determine whether rosiglitazone inhibits expression of CTGF and α-SMA in various SSc lung fibroblasts, we investigated protein expression of CTGF and α-SMA with and without rosiglitazone in all tested cell lines. We found that rosiglitazone reduces CTGF and α-SMA expression in all SSc cell lines within 24 hours of treatment. No difference between white and black lung fibroblasts was observed. Also, rosiglitazone had no effects on CTGF and α-SMA in normal lung fibroblasts (Figure 4(a) ).
Since PPARγ agonists are known to inhibit NF-κB [20] , we examined the effect of rosiglitazone on NF-κB activation in lung fibroblasts. NF-κB DNA-binding activity was assayed by the binding of NF-κB to oligonucleotides containing the consensus binding site. Nuclear extracts from HeLa cells stimulated with TNF-α were used as a positive control. To assess sequence-specific binding activity, nuclear extracts were incubated with NF-κB wild-type DNA, with or without either a specific NF-κB competitor DNA or nonspecific mutant NF-κB consensus-binding motif. Nuclear extracts incubated with NF-κB wild-type DNA expressed actual NF-κB activity. The specific NF-κB competitor DNA reduced the binding activity in all cell lines confirming sequence specificity of the assay for NF-κB binding, but binding activity of a nonspecific mutant did not significantly differ among various conditions used in this experiment (Figure 4(b) ). Consistent with our previous observations [18] , basal levels of active NF-κB in SSc-ILD fibroblasts were higher than in TNF-α-induced HeLa cells used as a positive control. Nuclear extracts prepared from either white or black SSc-ILD fibroblasts treated with rosiglitazone demonstrated significant reduction of NF-κB DNA binding (Figure 4(b) ). NF-κB DNA binding activity of normal lung fibroblasts WT dsDNA plus nonspecific, nonbiotinylated dsDNA with a mutant NF-κB consensus-binding motif; black bars: WT dsDNA plus specific NF-κB competitor dsDNA lacking biotin end labels; Neg: negative control. Each bar represents the mean ± SD of duplicate determinations from 4 independent experiments. * Statistically significant differences between nuclear extract prepared from cells stimulated with rosiglitazone versus nuclear extracts from nonstimulated cells (P < 0.05).
was notably reduced as compared with binding activity of SSc lung fibroblasts and was not affected by rosiglitazone (Figure 4(b) ).
The Effects of Rosiglitazone on HGF and c-Met in Lung Fibroblasts Isolated from SSc-ILD Patients.
Since PPARγ binds to the peroxisome proliferator response element in the HGF promoter region and induces HGF expression in renal mesangial cells [21] , we tested the effects of rosiglitazone on HGF expression in lung fibroblasts. We found that rosiglitazone induced the secretion of HGF protein in cell supernatant to a similar extent in lung fibroblasts from both white and black subjects ( Figure 5(a) ). Next, we tested whether HGF induced by PPARγ agonist was sufficient to phosphorylate the c-Met receptor in lung fibroblasts. We measured the level of total and phosphorylated c-Met receptor using anti-Met or antiphospho-c-Met [pYpYpY 1230/1234/1235 ] polyclonal antibodies and found that rosiglitazone had no effect on the total amount of c-Met receptor protein, yet it induced c-Met receptor phosphorylation in SSc-ILD lung fibroblasts from white patients ( Figure 5(b) ). We previously demonstrated that lung fibroblasts from black SSc patients are unresponsive to HGF signaling and c-Met receptor phosphorylation [16] . In agreement with those data, we observed that rosiglitazone did not affect c-Met receptor phosphorylation in lung fibroblasts from black SSc-ILD patients ( Figure 5(b) ).
HGF Receptor c-Met Mediates the Effects of Rosiglitazone on Collagen in Lung Fibroblasts Isolated from White SSc-ILD Patients.
To investigate whether rosiglitazone-induced inhibition of MMP-1 and collagen type I is mediated via a c-Met receptor-dependent mechanism, we employed an antihuman HGF R (c-Met) antibody. This antibody was selected for its ability to neutralize the receptor-ligand interaction.
We observed that the pretreatment of lung fibroblasts with neutralizing anti-c-Met antibody (2 μg/mL) prevents rosiglitazone-induced MMP-1 activity and reduces rosiglitazone's inhibitory effect on collagen expression (Figures 5(c)  and 5(d) ). We also found that the MMP inhibitor, GM1489, decreases the inhibitory effect of rosiglitazone on collagen ( Figure 5(d) ).
Overexpression of c-Met in lung fibroblasts isolated from white SSc-ILD patients resulted in increased basal and rosiglitazone-induced activity of MMP-1; however, the difference between vector-and c-Met-transfected cells was not significant (Figure 6(a) ). In contrast, we observed significant changes between lung fibroblasts transfected with vector and c-Met in cells isolated from black SSc-ILD patients. Moreover, rosiglitazone significantly increased MMP-1 activity in lung fibroblasts derived from black patients after transfection with c-Met receptor (Figure 6(a) ). Overexpression of cMet in lung fibroblasts isolated from either white or black scleroderma patients results in reduced accumulation of collagen. Treatment of such cells with rosiglitazone further decreased the amount of collagen in these cells (Figure 6(b) ).
Discussion
Interstitial lung disease (ILD) is an irreversible and progressive disease process and the major cause of death among scleroderma patients (SSc-ILD). Characterized by microvascular injury and inflammation, SSc-ILD culminates in excessive deposition of extracellular matrix proteins, often resulting in severe lung dysfunction and death [22, 23] . African-American (black) SSc patients have a higher risk of developing SSc-ILD and tend to develop lung fibrosis earlier in the course of their disease and have a higher mortality rate than white SSc patients [24] . Black SSc patients also have a higher prevalence of the severe diffuse type of SSc and a higher rate of the anti-Scl-70 autoantibody (antitopoisomerase I), which appears to be associated with an increased risk for SSc lung disease with severe pulmonary fibrosis [25] [26] [27] . Despite these well-known associations, a potential pathophysiologic link between black race and pulmonary fibrosis in SSc has not yet been identified. We previously reported that compared to white SSc-ILD patients, black SSc-ILD patients are deficient in c-Met receptor expression and generate less of the multifunctional and antifibrotic cytokine, hepatocyte growth factor (HGF) [16] . Since HGF expression is induced by PPARγ, the present study was undertaken to investigate potential antifibrotic effects of a PPARγ agonist in lung fibroblasts isolated from SSc-ILD patients, including both black and white subjects. The mechanism by which PPARγ exerts its antifibrotic effects is not yet fully understood. It was reported that PPARγ agonists inhibit TGF-β-mediated differentiation of fibroblasts to a myofibroblast phenotype, possibly via inhibition of Smad3 phosphorylation and nuclear translocation [28] [29] [30] [31] . PPAR-γ ligands also block PDGF-dependent proliferation and prolyl4-hydroxylase mRNA [32] and induce tumor-suppressor phosphatase, tensin homologue deleted on chromosome 10 (PTEN), which in vitro has been shown to inhibit α-SMA and collagen in lung fibroblasts [33] . Recently, Li et al. demonstrated that PPARγ binds to the peroxisome proliferator response element in the HGF promoter region of renal mesangial cells, thereby inducing HGF mRNA expression and protein secretion [21] . In the present study, we demonstrate that in vitro treatment with the PPARγ agonist rosiglitazone results in increased HGF protein occurring in association with phosphorylation of the c-Met receptor tyrosine kinase in lung fibroblasts isolated from white, but not black, SSc-ILD patients. The differences between Caucasian and AfricanAmerican lung fibroblasts were observed in cells derived from SSc patients but not in controls. This would suggest that other ethnic-specific factors related to scleroderma come into play in SSc-ILD. Recently, Hoshino et al. demonstrated an association of HGF promoter polymorphism with severity of ILD in Japanese patients with systemic sclerosis [34] . We previously showed that HGF's antifibrotic effect is significantly reduced in lung fibroblasts isolated from black subjects [16] . Our results were consistent across different cell lines of SSc-ILD fibroblasts or normal lung fibroblasts stimulated with TGF-β [16] . HGF consistently inhibited collagen type I and CTGF accumulation in lung fibroblasts derived from white subjects. However, HGF had no effect on collagen or CTGF expression in lung fibroblasts from black patients, previously shown by us to be the result of a deficiency of HGF-receptor (c-Met) phosphorylation [16, 18] .
In the present study, we compared the activation of PPARγ in lung fibroblasts isolated from white and black SSc-ILD patients. As expected, the PPARγ agonist failed to induce c-Met receptor phosphorylation in lung fibroblasts from black SSc-ILD patients and controls. Additionally, we observed that the PPARγ agonist rosiglitazone activated MMP-1 and reduced collagen type I in SSc-ILD fibroblasts derived from white subjects; however, it had no effect on MMP-1 and collagen type I in SSc-ILD fibroblasts from black patients. Furthermore, conditional ablation of the c-Met receptor by neutralizing antibody abolished the inhibitory effect of rosiglitazone on MMP-1 and collagen type I, while overexpression of c-Met receptor restored the effects of rosiglitazone on collagen I and MMP-1 in lung fibroblasts isolated from black SSc-ILD patients. In contrast, α-SMA, CTGF, and NF-κB were reduced by rosiglitazone treatment to a similar extent in SSc-ILD fibroblasts derived from either black or white subjects, suggesting that the PPARγ agonist reduces α-SMA, CTGF, and NF-κB by a mechanism(s) independent of HGF.
Conclusions
We conclude that PPARγ agonists modulate important fibrogenic events in lung fibroblasts and could be considered as a potential therapeutic approach to treating patients with SSc-ILD. We also provide additional foundation for the biologic difference between lung fibroblasts from white and black patients, which might explain the observed differences among these racial groups in terms of severity and mortality from SSc-ILD. Finally, based on these results, differential effects of PPARγ agonist therapy might be expected in patients due in part to differences in expression of functional c-Met receptor.
